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Abstract—Joint communication and sensing (JCS) is gaining
popularity in vehicular scenarios for detecting and localizing
nearby objects or other vehicles using vehicle-to-everything
(V2X) communications, thus complementing or improving
on-board sensors. Despite the numerous benefits, V2X com-
munications, particularly in sidelink, suffer from inter-vehicle
interference. In this letter, we evaluate the impact of physical
and radio access communication parameters on device-free
positioning based on JCS with sidelink V2X. We focus on
estimating range, angle, and location in the presence of multi-user
interference.

Index Terms—Joint communication and sensing, 5G NR-V2X,
V2X sidelink, radar sensing, position error bound.

I. INTRODUCTION

VEHICLE-TO-EVERYTHING (V2X) communications
allow vehicles to exchange information with other vehi-

cles, other road users, and the infrastructure. In particular, the
exchange of information gathered by on-board sensors such
as RADAR, cameras, and LiDAR leads to the understanding
of the driving environment, thus increasing roads’ efficiency
and safety.

Joint communication and sensing (JCS) arises as a new
opportunity to complement these technologies, as it provides
sensing functionalities for free by exploiting the same sig-
nal already employed for V2X communication. This could
be extremely beneficial in terms of saving hardware and
spectrum resources since it is no longer necessary to embed
new components. JCS is gaining popularity also because,
differently from on-board sensors that are typically based on
proprietary solutions, it relies on standard technologies, e.g.,
5G [1], [2], [3]. In addition, it overcomes the limitations of
these sensors caused, for example, by visibility impairments.
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In the context of V2X, recent works show how sidelink
measurements (e.g., angle estimation or ranging) represent a
huge opportunity for device-based positioning, thanks to the
smaller path loss between nearby UEs (compared with the
downlink path loss), lower latency, as well as the possibility to
use distributed antennas or arrays [4], [5], [6], [7]. However,
sidelink communication signals can be also leveraged for
device-free sensing and positioning, i.e., detection, ranging,
and localization of other vehicles or obstacles without relying
on any devices, yet using signal reflections. In particular,
considering the vehicle as a monostatic RADAR, localization
of a passive target can use multiple antennas to obtain
angular and range measurements, and localize an object in
proximity. In this sense, device-free localization can be used
also to complement or improve active positioning systems e.g.,
sidelink-based and network-based active positioning, sensors,
or GNSS, which may be limited due to obstructions or other
factors.

The vast majority of research efforts so far have been
concerned with solutions that are not expressly intended
for vehicular wireless access technologies, and they rarely
target the intelligent transport system (ITS) band, namely
the communication systems around the carrier frequency
of 5.9 GHz thought for vehicular applications [1], [2], [3],
[5], [8]. In addition, there are no specific works that deal
with the use of sidelink V2X for device-free sensing and
positioning. More recently, in [9], the authors proposed a
model to evaluate the impact of radio access parameters on
the range and Doppler estimation performance, yet without
considering bearing information and position estimation, while
in [10] also the bearing estimation is taken into account, but
in a V2I scenario where the sensing procedure is thought to
enhance communication.

In this letter, we evaluate the target positioning accuracy
limits for device-free positioning considering 5G-V2X JCS.
We consider range and bearing estimation, in the presence of
multi-user interference. In fact, one of the main challenges
when dealing with V2X sidelink signals is the presence of
inter-vehicle interference, as spectrum resources might be
autonomously allocated by vehicles. Moreover, we charac-
terize target localization by considering the combined effect
of range and bearing estimation. To this end, the Cramér-
Rao lower bound (CRLB) for the parameters of interest is
considered as performance benchmark. Results show that,
in the presence of inter-vehicle interference, system-level
parameters such as modulation and coding scheme (MCS),
subcarrier spacing (SCS) and packet size affect the sensing
and localization performance in a different way with respect
to the interference-free case. The presented framework and
results can drive the design of JCS schemes for device-
free positioning considering V2X sidelink communication
signals.
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Fig. 1. Example scenario: a vehicle transmits a packet using 5G NR-V2X
sidelink and aims at localizing a passive target from the analysis of the
received echo.

II. LOCALIZATION ACCURACY LIMITS

We consider a vehicle that transmits data packets through
5G NR-V2X signals and jointly aims at detecting and local-
izing passive targets in its surroundings thanks to RADAR
processing of the backscattered signal response. The transmit-
ting vehicle operates as a monostatic RADAR, i.e., with the
RADAR receiver co-located with the transmitter. In this way
and by assuming a full duplex architecture, transmitted data
symbols are known and can be considered as pilots for the
sake of RADAR sensing [9], [11], [12].

With reference to Fig. 1, we consider a transmitting vehicle
located at (x, y) = (0, 0) and a generic target at distance d
from the vehicle, with angle θ (clockwise) with respect to
its direction. Thus, adopting a polar coordinate system with
respect to the vehicle, the target location to be estimated can
be denoted as p = [θ, d ]�. For further convenience, we define
as p̃ = [x , y ]� the Cartesian equivalent of the position p, i.e.,
d =

√
x2 + y2 and θ = arctan y/x .

The 5G NR-V2X sidelink exploits the cyclic prefix orthogo-
nal frequency-division multiplexing (OFDM) signal to convey
information, hence the generic complex transmitted symbol
can be expressed as

sm(t) =

N−1∑

n=0

√
Pnmxnmej2πnΔft rect

(
t −mTsym

Tsym

)
(1)

where Pnm is the power allocated to the n-th subcarrier of the
m-th symbol and xnm is the information content transmitted
in the n-th subcarrier of the m-th symbol. The transmission
of a data packet spans M OFDM symbols and N subcarriers.
The symbol time Tsym = T + Tcp includes the duration
of the cyclic prefix Tcp and T = 1/Δf , in which Δf
is the SCS. The transmitting vehicle sends the band-pass
version of the sidelink signal (1) modulated at frequency fc to
perform JCS. To enable angle of arrival (AoA) estimation, we
assume that the vehicle is equipped with a sensing receiver
fitted with a uniform linear array (ULA) composed of Nant
antennas. In fact, despite standard V2X transceivers conceived
for vehicular communications at the FR1 (i.e., sub-6 GHz) are
usually single-antenna devices, sensing-based localization can
leverage the adoption of multiple antennas to combine angle
and range estimates to locate the target [13].

Considering a point target located at p = [θ, d ]� from the
vehicle reference system, moving with relative velocity v , it
is possible to write the received signal as

ynmk =
√

Pnm xnmT hnmk

× e−j2πnΔf τ ej2πfcνmTsymejπk sin θ + znmk (2)

for n = 0, 1, . . . ,N − 1, m = 0, 1, . . . ,M − 1, and k =
0, 1, . . . ,Nant − 1, where hnmk is the channel amplitude

coefficient, and we accounted for a half-wavelength ULA
at the receiver, resulting in a signal impinging from the
target which produces a linear phase shift along the different
antennas. The term znmk is the additive white Gaussian noise
(AWGN), with znmk ∼ CN (0, σ2n). The first and second
exponential terms express the phase shifts introduced by the
propagation delay τ = 2d/c and the Doppler shift ν =
2fcv/c, where c is the speed of light. By processing the
MNNant samples, the RADAR receiver aims at obtaining the
estimate p̂ = [θ̂, d̂ ] of p = [θ, d ].

Considering the OFDM signal structure in (2), range esti-
mation is carried out by looking at the phase shift produced
on the received data symbols along the different subcarriers
by the signal backscattered by the target at distance d. The
accuracy limit for range estimation is given by the CRLB,
which is the theoretical minimum variance of any unbiased
estimator of the considered parameter and denotes therefore
the best achievable performance [14]. The CRLB for the range
estimation is given by [15]

CRLB
(
d̂
)
=

3c2

8π2MNNant SINR(N 2 − 1)Δf 2
(3)

where SINR is the signal to interference plus noise ratio
(SINR). In particular, since V2X communications are severely
limited by interference [16], we account the degradation
coming from both noise of power Pn and interference of power
I with the SINR given by SINR = PR/(Pn + I ). The received
power PR is given by the RADAR equation

PR = PT
G2c2σ

(4π)3f 2c d
4

(4)

where PT is the power transmitted by the source vehicle,
G is the antenna element gain and σ is the RADAR cross
section (RCS), which quantifies how detectable an object
is by RADAR. The SINR considers not only noise power
Pn = kBT0FNΔf , being kB the Boltzmann constant, T0
the reference temperature and F the noise figure, but also
the effect of interference I caused by vehicles transmitting
in the same time slot and with overlapped resources, that
can become significant as the number of vehicles in the
scenario increases, as highlighted in [9]. Note that in (3) a
processing gain Nant coming from the exploitation of the
Nant receiving antennas is present, differently from traditional
expressions [15], [17], [18]. Indeed, thanks to the indepen-
dence of the noise samples at the different antenna ports, the
Nant receiving antennas provide additional information to be
exploited for range estimation.

Considering the ULA at the RADAR receiver, the bearing
estimation can be carried out by looking at the phase shift for
each subcarrier and OFDM symbol along the Nant antennas.
The CRLB for the bearing estimation is given by [14]

CRLB
(
θ̂
)
=

6

π2MNNant SINR
(
N 2
ant − 1

)
cos2 θ

(5)

where we considered an inter-element spacing of λ/2, with
λ = c/fc. Note that in (5) a processing gain MN is obtained,
since MN independent observations can be collected to obtain
bearing estimates. By comparing (3) and (5), we can observe
that the CRLB for range estimation improves rapidly as the
number of subcarriers N increases (larger bandwidth thus bet-
ter time resolution), whereas the CRLB for bearing estimation
improves as the number of antennas Nant increases (larger
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array aperture thus better angular resolution). In addition,
despite the CRLB for range estimation is independent on the
range (except for the intrinsic dependence on the SINR), the
CRLB for bearing estimation depends on the angle θ itself; in
particular, bearing estimation accuracy is maximum for θ = 0,
while estimation is not possible for θ = ±π/2.

Depending on the position p, both range and bearing
estimates impact the positioning accuracy; in fact, a given
error on the bearing produces a larger positioning error as
the distance d increases. To account for this phenomenon,
we compute the position error bound (PEB), i.e., the bound
on the positioning accuracy, which allows us to provide a
quantitative evaluation of the positioning performance limit of
JCS based on sidelink 5G NR-V2X. Specifically, the PEB is
defined as [19]

PEB =

√

tr
(
J̃−1(p̃)

)
(6)

where J̃(p̃) is the Fisher information matrix (FIM) of the
target position estimate p̃ expressed in Cartesian coordinates.
From the CRLB expressions for range and bearing estimation,
respectively in (3) and (5), it is possible to derive the FIM J̃(p̃)
by considering the polar to Cartesian conversion according to

J̃(p̃) = C�(p) J(p)C(p) (7)

where C(p) is the Jacobian matrix defined as

C(p) =

[
− sin θ

d
cos θ
d

cos θ sin θ

]
(8)

and the FIM for bearing and range estimates J(p) is

J(p) =

[ 1

CRLB(θ̂)
0

0 1

CRLB(d̂)

]

. (9)

After some algebraic manipulation, we obtain

J̃(p̃) =

[
sin2 θ
d2B + cos2 θ

R − sin θ cos θ
d2B + sin θ cos θ

R
− sin θ cos θ

d2B + sin θ cos θ
R

cos2 θ
d2B + sin2 θ

R

]
(10)

where B = CRLB(θ̂) and R = CRLB(d̂) have been defined
to shorten the notation. The determinant of the FIM J̃(p̃) is
given by det(J̃(p̃)) = 1/(d2 BR). Then, the corresponding
inverse FIM J̃−1(p̃) is

J̃−1(p̃) = d2 BR

×
[

cos2 θ
d2B + sin2 θ

R
sin θ cos θ

d2B − sin θ cos θ
R

sin θ cos θ
d2B − sin θ cos θ

R
sin2 θ
d2B + cos2 θ

R

]

(11)

whose trace is

tr
(
J̃−1(p̃)

)
=

(
cos2 θ + sin2 θ

)(
R+ d2B

)
(12)

allowing to write the PEB in (6) as

PEB =
√

R+ d2 B. (13)

As evident from (13), the bearing error has a greater impact
on the positioning accuracy as the distance d increases.

TABLE I
SIMULATION PARAMETERS

TABLE II
RESULTING NUMBER OF SUBCARRIERS AND TRANSMISSION BANDWIDTH

FOR THE CONFIGURATIONS CONSIDERED IN SIMULATIONS

III. NUMERICAL RESULTS

We analyzed the positioning performance limits through
the open-source simulator WiLabV2Xsim [20]. The simulator
allows to evaluate the SINR by accounting for multiple
vehicles and the resource allocation policies of 5G NR-V2X
sidelink. In particular, we considered Mode 2 (autonomous
allocation) [4] where every vehicle autonomously selects the
time and frequency resource elements to accommodate the
data packet. A highway scenario is assumed, with three lanes
in each direction. In this case, the line of sight (LOS) assump-
tion characteristic of the model in (2) can be considered as
fulfilled with good approximation for the closest target, which
is the most important to detect for safety reasons (candidate for
collision). The SINR values obtained from the simulator are
adopted to evaluate (3) and (5). Thus, this approach provides
benchmark performance for any signal processing scheme
implementation, considering realistic conditions in terms of
interference, 5G parameters and protocol. In the regions where
the performance appears interesting, further investigations also
considering non-idealities not captured by this approach, such
as multipath propagation, might be realized to understand how
far real results are from the bound. Simulation parameters are
reported in Tab. I.

Fig. 2 shows the comparison between the empirical CDFs of
the root CRLB for range and bearing estimation, considering
d = 20 m and θ = 0. Two different tests were performed:
i) varying the packet size and the vehicle density, with MCS
23 and Δf = 15 kHz (Figs. 2(a) and 2(b)); ii) varying the
MCS and SCS, considering packets of 350 bytes and a vehicle
density of 50 veh/km, (Figs. 2(c) and 2(d)). The corresponding
number of subcarriers N for each configuration is reported
in Tab. II.

Regarding the first test, an increment in the vehicle den-
sity produces a worsening of the performance both for
range and bearing estimation, due to higher interference.
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Fig. 2. Empirical CDFs for range estimation (Figs. (a) and (c)) and bearing estimation (Figs. (b) and (d)) at d = 20 m and θ = 0, for Nant = 4. Figs.
(a) and (b) are obtained varying packet size and vehicle density, with MCS 23 and Δf = 15 kHz. Figs. (c) and (d) are obtained varying MCS and Δf , with
packets of 350 bytes and 50 veh/km.

Moreover, Fig. 2(a) shows an enhancement in range estimation
performance as the packet size increases. This improvement
is due to the larger bandwidth resulting from a greater
number of subcarriers, which helps to mitigate the inter-
vehicle interference, and leads to a significant gain on the
CRLB. Differently, for bearing estimation, no differences are
experienced with the packet size in the absence of interference
(see the vertical asymptote in Fig. 2(b)); however, when
considering interference, the increase of the bandwidth due to
larger packets leads to higher interference, as it can be seen in
Fig. 2(b), where the gap between the solid and the dashed lines
grows as the vehicle density (and thus interference) increases.
Hence, the packet size has an opposite impact on range and
bearing estimation only when in the presence of interference.

The second test shows the impact of MCS and SCS.
Fig. 2(c) shows a significant improvement for the range esti-
mation when a higher value of SCS is used, once again thanks
to the bandwidth enlargement. This is advantageous even when
the interference becomes significant; for the same reason, it is
preferable to use a lower value of MCS. Results change when
considering the bearing estimation performance in Fig. 2(d).
In the absence of interference (vertical asymptotes), larger SCS
is not beneficial, due to the larger noise accumulated with a
bandwidth NΔf in the denominator of the SINR; whereas,
when considering interference, the behavior is similar to that
highlighted for range estimation, and larger SCS improves the
performance. In fact, the larger SCS leads to a shorter packet,
thus limiting interference due to less chance of collisions. As
before, higher MCS can limit the effect of interference, while
the choice of MCS has no impact on the performance in the
interference-free case.

Fig. 3 shows the two-dimensional maps representing the
PEB obtained according to (13), thus showing the joint effect
of range and bearing estimates and the spatial distribution of
the error for different configurations. Each point on the map
is derived considering the 95-percentile of the root CRLB for
range and bearing estimation. Two cases are considered, i.e.,
Nant = 4 and Nant = 8. It can be noted that the localization
capability at the outermost angles (near θ = ±π/2) is compro-
mised due to the adoption of an ULA. In the considered setup,
larger SCS improves the localization performance, especially
thanks to the increased ranging resolution. In fact, since only
small distances from the target are taken into account here,
the impact of bearing estimation is less significant, according
to (13). The strong improvement of using a higher number
of antenna elements composing the ULA is highlighted, by
comparing the maps obtained with 4 antennas (Figs. 3(a)-3(b))
and those with 8 (Figs. 3(c)-3(d)).

IV. CONCLUSION

We proposed a framework for evaluating device-free posi-
tioning performance limits for JCS based on V2X sidelink.
To this aim, we provided the error bounds considering 5G
NR-V2X technology, which are the benchmark performance
of practical localization schemes. System-level simulations are
performed accounting for multi-user interference and varying
the physical and radio access parameters. Results show that,
when considering interference, the packet size has an opposite
impact on range and bearing estimation; similarly, SCS and
MCS affect differently range and bearing estimates depending
on the configuration. However, for close targets, maximizing
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Fig. 3. PEB 2D maps for different configurations of SCS, considering a packet size of 350 bytes, MCS 23 and a vehicle density of 50 veh/km. First row:
4 antennas; second row: 8 antennas. (a), (c): Δf = 15 kHz. (b), (d): Δf = 60 kHz.

the ranging accuracy leads to the best performance in terms
of positioning. The model and results of this letter can drive
the design of future JCS systems leveraging V2X sidelink.
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